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ABSTRACT 
In recent years, brown adipose tissue (BAT) has been of interest in metabolic 
research, because its activity is associated with reduced cardiovascular risk, insulin 
resistance and obesity. Since cardiovascular disease accounts for the greatest cause 
of death globally, new treatments and methods of prevention are needed. BAT can 
burn fat instead of storing it, but it is likely that energy dissipation alone does not 
explain its health benefits. Meal induced BAT thermogenesis has recently been 
shown in humans, but its regulators and significance have never been pursued in 
detail. Since some gastric hormones have already shown both cardioprotective and 
appetite suppressing effects, they provide an interesting target for further studies. 
Secretin is the oldest known hormone and belongs to a family of gastrointestinal 
peptides, secreted during feeding. The aim of this thesis was to study the metabolic 
effects of secretin beyond its well-known pancreatic exocrine stimulation. Mouse 
models were first implemented by collaborators at the Technical University of 
Munich to investigate the potential of using secretin to activate BAT thermogenesis 
and induce satiation. A placebo-controlled crossover study was then conducted at 
the Turku PET Centre with healthy male volunteers to study BAT activation, but 
also the broader pleiotropic effects of secretin. Tissue metabolic activity was 
quantified with positron emission tomography, using a fluoride labelled glucose 
tracer. Appetite was studied with functional magnetic resonance imaging. 
Mouse models showed that secretin directly activates BAT thermogenesis 
through binding to the secretin receptor and that BAT thermogenesis in turn 
suppresses appetite. This novel satiation stimulating gut – BAT – brain axis was then 
shown in this thesis work to also translate to humans. Furthermore, myocardial 
glucose uptake was increased by secretin in humans. Previous studies have shown 
increased cardiac output by secretin and this thesis supports an inotropic effect. All 
in all, these results indicate that further clinical trials on secretin are warranted, as it 
could have potential applications in weight control and both preventing and treating 
heart disease.  
KEYWORDS: gastrointestinal hormone, brown adipose tissue, positron emission 
tomography, appetite, metabolism, myocardial glucose uptake, functional magnetic 





Turun PET keskus 
SANNA LAURILA: Ruoansulatushormoni sekretiinin aineenvaihdunnalliset 
vaikutukset. Painopiste ruskeassa rasvakudoksessa. 
Väitöskirja, 162 s. 
Turun kliininen tohtoriohjelma 
June 2021 
TIIVISTELMÄ 
Ruskea rasva on herättänyt kiinnostusta viime vuosina, koska sen aktiivisuuden on 
osoitettu olevan yhteydessä insuliiniherkkyyteen, normaaliin painoon ja 
pienentyneeseen sydän- ja verisuonitauti riskiin. Näistä viimeinen on suurin 
kuolinsyy maailmanlaajuisesti. Ruskea rasva polttaa rasvaa sen varastoimisen sijaan, 
mutta todennäköisesti sen terveysedut eivät johdu ainoastaan lisääntyneestä 
energiankulutuksesta. Ruokailu aktivoi ruskeaa rasvaa, mutta ilmiön säätelyä ja 
merkitystä ei ole aiemmin selvitetty tarkasti. Ruoansulatushormonit muodostavat 
mielenkiintoisen tutkimuskohteen ruskean rasvan aktivoimisen suhteen, koska osalla 
niistä tiedetään olevan sydäntä suojaavia ja ruokahalua vähentäviä vaikutuksia. 
Sekretiini on vanhin tunnettu hormoni. Sitä erittyy verenkiertoon ruokaillessa ja 
se aktivoi haiman eksokriinistä eritystä. Tässä väitöskirjassa tutkittiin sekretiinin 
muita mahdollisia aineenvaihdunnallisia vaikutuksia. Sen vaikutus ruskean rasvan 
aktivaatioon ja ruokahaluun selvitettiin ensin hiirimalleilla Münchenin teknillisessä 
yliopistossa, jonka jälkeen Turun PET-keskuksessa toteutettiin lumekontrolloitu, 
tapaus-ristikkäistutkimus terveillä miehillä. Kudosten aineenvaihduntaa tutkittiin 
fluorileimatulla glukoosimerkkiaineella ja positroniemissiotomografialla. Ruoka-
halua tutkittiin funktionaalisella magneettikuvantamisella. 
Hiirimallilla osoitettiin, että sekretiini aktivoi suoraan ruskean rasvan lämmön-
tuotantoa sitoutumalla sekretiinireseptoriin, mikä puolestaan johti ruokahalun vähe-
nemiseen. Tämä uusi ruokahalua säätelevä mekanismi osoitettiin myös ihmisillä. 
Sen lisäksi sekretiini lisäsi ihmisillä sydämen glukoosin soluunottoa. Aikaisemmissa 
tutkimuksissa on osoitettu, että sekretiini lisää sydämen minuuttitilavuutta, joten 
väitöstyö vahvistaa, että sekretiinillä on inotrooppinen vaikutus. Tulokset osoittavat, 
että sekretiiniä tulisi tutkia kliinisesti laajemmin, sillä se voisi auttaa 
painonhallinnassa, sekä estää ja hoitaa sydänsairauksia. 
AVAINSANAT: ruoansulatushormoni, ruskea rasva, positroniemissiotomografia, 
ruokahalu, aineenvaihdunta, sydämen glukoosin soluunotto, funktionaalinen 
magneettikuvantaminen, lihavuus, sydämen vajaatoiminta  
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AgRP Agouti-related protein 
ANS Autonomic Nervous System 
ATP  Adenosine triphosphate 
AUC Area under the curve 
β-AR Beta adrenergic receptor 
BAT Brown adipose tissue 
BMI Body mass index 
BOLD Blood-oxygen-level-dependent 
BPM Beats per minute 
cAMP  Cyclic adenosine monophosphate 
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CCS Composite satiety score 
CT Computer tomography 
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ECG Electrocardiography 
ECLIA  Electrochemiluminescence immunoassay 
EE  Energy expenditure  
ELISA  Enzyme-linked immunosorbent assay 
EPI Echo-planar imaging 
FA Fatty Acid 
FDR False discovery rate 
[18F]FDG  [18F]2-fluoro-2-deoxy-D-glucose 
fMRI Functional magnetic resonance imaging 
FOV Field of view 
FUR Fractional uptake rate 
GABA Gamma-aminobutyric acid 
GHRH Growth hormone-releasing hormone 
GIP Gastric inhibitory peptide 
GLP-1 Glucagonlike peptide-1 
GU Glucose uptake 
H+ Hydrogen proton 
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HU Hounsfield Unit 
iBAT Intrascapular BAT 
ISO Isoproterenol 
Ki Net uptake rate 
KO Knock-out 
LC Lumped constant 
MRI Magnetic resonance imaging 
MSOT Multispectral optoacoustic tomography 
NMR  Nuclear magnetic resonance 
OCR Oxygen consumption rate 
PACAP Pituitary adenylate cyclase-activating polypeptide 
PET Positron emission tomography 
PKA Protein kinase A 
POMC proopiomelanocortin 
QTc Heart rate corrected QT interval 
ROI Region of interest 
RPKM Reads per kilobase per million mapped reads 
SCTR Secretin receptor (human)  
Sctr Secretin receptor (murine) 
SD Standard deviation 
SGLT2 sodium-glucose transporter protein 2 
SNS Sympathetic nervous system 
SUV Standard uptake value 
TAC Time activity curve 
TG Triglyceride 
TRPV1 Transient receptor potential vanilloid 1 
UCP1 Uncoupling protein 1 
VAS Visual analogue scale 
VIP Vasoactive intestinal peptide 
WAT White adipose tissue 
WT  Wild type  
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The concept of endocrine regulation was introduced in 1902 by Bayliss and Starling, 
when they discovered that an active agent, produced by the gut, stimulates pancreatic 
secretion, independent of the vagus nerve (Bayliss and Starling, 1902).  They named 
the hormone “secretin”. Later, it has been discovered that secretin receptors are not 
only present in the pancreas, but in nearly every organ throughout the body (Afroze 
et al., 2013). Secretin’s close sibling glucagonlike peptide-1 (GLP-1) has proven to 
have great clinical significance. GLP-1 agonists are not only effective glucose 
lowering medicines in type two diabetes, but also aid weight loss in obesity (Astrup 
et al., 2009). GLP-1 has also piqued an interest in the field of cardiology due to its 
agonists showing benefits on cardiac mortality (Cosentino et al., 2020). Despite the 
recent re-emergence of interest in gastric peptides, there have been very few studies 
on secretin. Modern imaging methods provide a unique opportunity to investigate 
organ crosstalk in vivo, and the broad effects that the oldest known hormone may 
have. 
There is evidence from 40 years past, that secretin increases cardiac output and 
stroke volume in heart failure patients (Gunnes and Rasmussen, 1986). An inotropic 
effect was suggested, but this could not be proven with the implemented method. At 
the time, the potential of secretin as a heart failure medication was not further 
pursued, likely due to the challenges of intravenous administration and its short half-
life, as well as concomitant breakthroughs in heart failure treatment (CONSESUS, 
1987). Despite therapeutic advances, cardiovascular diseases are still the leading 
cause of death world-wide and both new treatment and prevention options are needed 
(Roth et al., 2018). 
Another more recently confirmed pleiotropic effect of secretin is that the 
hormone induces lipolysis in white adipose tissue (WAT) (Sekar and Chow, 2014). 
Interestingly, lipolysis is important in the initiation of thermogenesis in brown 
adipose tissue (BAT), but the hormone’s effect on BAT has so far not been pursued 
(Braun et al., 2018). BAT is known for cold induced non-shivering thermogenesis 
and its activity has recently been linked to reduced cardiovascular risk in humans 
(Becher et al., 2021). Meal induced BAT thermogenesis has been recognized in 
rodents decades ago (Glick et al., 1981; Rothwell and Stock, 1979) and recently also 
Sanna Laurila 
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in humans (U-Din et al., 2018). It has been speculated that the phenomenon is 
induced by sympathetic activation, but results have been conflicting (Cannon and 
Nedergaard, 2004). A hormonal pathway is possible, but this has not been thoroughly 
investigated.  
The significance of meal induced BAT activation has been debated, but appetite 
suppression has been proposed (Chondronikola et al., 2017; Crovetti et al., 1998). 
So far, this hypothesis has never been thoroughly tested in mice or humans. Humans 
have a relatively small BAT mass compared to mice, so there may be regulatory 
effects that are beneficial to cardiometabolic health, instead of BAT simply 
increasing catabolism (Villarroya et al., 2016). Obesity increases the risk of type two 
diabetes and cardiovascular disease and is increasing worldwide (Bessesen and Van 
Gaal, 2018). If confirmed, thermogenic appetite regulation could offer new 
possibilities for treatment and prevention of obesity. Incidentally, secretin has been 
shown to have an appetite suppressing effect in mice (Chen et al., 2011), but its effect 
on appetite in humans is not known. If secretin has a beneficial effect on both appetite 
and cardiac function, it could have potential in both treating and preventing heart 
disease.
 13 
2 Review of the Literature 
2.1 Secretin, the first hormone discovered 
In the late 19th century, Pavlov showed that pancreatic secretion is controlled by two 
mechanisms: the vagus nerve and acidic content of the stomach coming in contact 
with the duodenal mucosa (Babkin, 1949). However, according to him, both 
mechanisms were conveyed through the nervous system. In 1902, Bayliss and 
Starling proved the existence of a new mechanism altogether (Bayliss and Starling, 
1902). They infused 0.4% hydrochloric acid into a jejunal loop that had been 
denervated and showed that this produced secretion by the pancreas for a few 
minutes. Their conclusion was that the jejunal mucosa produces an active chemical 
messenger, carried by blood from a producing organ to another; a “hormone” called 
“secretin”. 
It took decades, before the existence of secretin was confirmed. Porcine secretin 
was purified in the 1960s (Jorpes and Mutt, 1961) and soon after, its amino acid 
sequence was determined (Mutt et al., 1970). Soon, secretin was also chemically 
synthesized (Bodanszky et al., 1967). Its hormonal action was finally proven in 1970, 
when elevated plasma secretin levels were shown in dogs and humans, both by 
duodenal acidification and the ingestion of a meal (Chey et al., 1978; Kim et al., 
1979; Schaffalitzky De Muckadell and Fahrenkrug, 1978). Later the effect of the 
hormone was further proven, when it was shown that an intravenous infusion of 
secretin induces pancreatic fluid and bicarbonate secretion (Chey et al., 1979). The 
last piece of the hypothesis introduced by Bayliss and Starling was proven in 1981, 
when Gardner et al. showed the existence of secretin receptors (sctr) in the pancreas 
(Gardner and Jensen, 1981). 
Secretin consists of 27 amino acid residues and the sequence is highly similar 
between different animal species (Chey and Chang, 2014). It belongs to a peptide 
superfamily of gastrointestinal hormones, which are shown in Table 1. Secretin 
binds to SCTR, which is a G protein-coupled receptor that activates cyclic adenosine 
monophosphate (cAMP) signalling (Dong and Miller, 2002). Although it is best 
known for its gastrointestinal function, SCTR are found in most organs and tissues, 
indicating that secretin is a pleiotropic hormone with a multitude of functions. 
Sanna Laurila 
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Currently synthetic secretin is in clinical use for rare and specific diagnostic 
purposes. In Zollinger-Ellison Syndrome, a rare neuroendocrine tumour 
(gastrinoma) produces high levels of gastrin (Metz, 2012), which leads to abnormally 
increased gastric acid output. When a gastrinoma is suspected but serum gastrin 
levels and gastric pH is undiagnostic, a secretin test can be performed. Secretin 
stimulates gastrinoma cells to release gastrin, which leads to a pronounced increase 
in serum gastrin levels. Secretin is also sometimes used for diagnosing exocrine 
pancreatic insufficiency (Dreiling, 1975; Moolsintong and Burton, 2008). In some 
centres, it is used during magnetic resonance cholangiopancreatography, in order to 
evaluate the anatomy of the pancreatic duct and pancreatic exocrine function 
(Chamokova et al., 2018).  
Table 1.  Intestinal polypeptide superfamily in humans. Modified from Chey and Chang 2003. 
Peptide Discovered or isolated by 
Secretin Bayliss and Starling 1902 
Glucagon Kimball and Murlin 1923 
Gastric inhibitory peptide (GIP) Brown et al. 1970 
Vasoactive intestinal peptide (VIP) Said and Mutt 1974 
Glicentin (proglucagon) Moody et al. 1976 
Oxyntomodulin (glucagon-37) Bataille et al 1981 
Peptide PHI Tatemoto and Mutt (1981) 
Glucagon-like peptide -1 and -2  
(GLP-1 and-2) 
Lund et al 1982 
Growth hormone-releasing  
hormone (GHRH) 
Guillemin et al 1982 
Pituitary adenylate cyclase- 
activating polypeptide (PACAP) 
Miyata et al. 1989 
Orexin De Lecea el al 1998 (Sakurai et al 1998) 
2.1.1 Secretin as a gastrointestinal hormone 
Secretin is predominantly synthesized by the S-cells in the crypts of Lieberkühn of 
the duodenum (Häcki, 1980). During feeding, the acidic contents of the stomach 
move into the duodenum, which prompts the release of secretin into the circulation 
(Häcki, 1980). This is mediated by the secretin releasing peptide in the upper small 
intestinal lumen (Li et al., 1990). Secretin, along with VIP, cholecystokinin (CCK) 
and vagal stimulation, increases pancreatic exocrine secretion (Afroze et al., 2013). 
Secretin also stimulates pancreatic acinar cells to produce bicarbonate and water, and 
inhibits gastric acid secretion and gastric motility (Afroze et al., 2013). The intestinal 
lining is protected by the neutralization of its acidic contents and digestive enzymes 
Review of the Literature 
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start to break down nutrients (Afroze et al., 2013). Pancreatic proteases also break 
the secretin releasing peptide, creating a negative feedback loop (Li et al., 1990). In 
addition to influencing the pancreas, secretin also induces biliary secretion of water, 
bicarbonate and chloride (Chey and Chang, 2014), but not bile acids (Pissidis et al., 
1969).  
2.1.2 Secretin as a neuropeptide 
In addition to the well-established exocrine effects on the pancreas, secretin has 
a multitude of other functions. It was first recognized as a possible neuropeptide 
in 1979, when secretin-like bioactivity was found in porcine brain extracts (Mutt 
et al., 1979). Since then, secretin peptide expression has been plotted in several 
different brain regions, mostly in rodent models (Figure 1.) (Wang et al., 2019). 
One study on human brains found secretin immunoreactivity in cerebellar 
Purkinje cells, deep cerebellar nuclei, pyramidal neurons of the motor cortex and, 
in addition to findings in rodents, also the hippocampal and amygdala nuclei 
(Köves et al., 2004). Spatially, the secretin receptor is even more widely 
distributed than its ligand, which may indicate that several different neuronal 
functions could be modulated by secretin (Ng et al., 2002). Secretin may also be 
important in early postnatal, hippocampal neurogenesis; in mice, its deficiency 
leads to impaired neurobehavioral development (Jukkola et al., 2011). In secretin 
deficient mice, there was impaired synaptic plasticity in the hippocampus 
(Yamagata et al., 2008). 
 
Figure 1.  Central secretin peptide and receptor distribution according to animal studies is marked 
with green arrows. Presence of secretin peptide by immunohistochemistry in human 
studies is marked with yellow arrows. Modified from Wang et al. 2019. 
Sanna Laurila 
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Secretin has been shown to have regulatory effects on catecholamine metabolism in 
the axon terminals of sympathetic nerves (Schwarzschild and Zigmond, 1989). It has 
a stimulatory effect on cAMP production (Propst et al., 1979), which regulates the 
enzyme tyrosine hydroxylase (Ip et al., 1985). This enzyme catalyzes the rate 
limiting step of catecholamine biosynthesis and secretin has been shown to increase 
tyrosine hydroxylase activity in the sympathetic ganglia and several autonomic end 
organs (Schwarzschild and Zigmond, 1991). In the central nervous system, this same 
increase in tyrosine hydroxylase activity has been shown in the hypothalamus with 
an interventricular infusion of secretin in rats (Babu and Vijayan, 1983).  
Rodent studies indicate that secretin is involved in the regulation of 
dihydroxyphenylalanine (DOPA) synthesis and turnover (Chu et al., 2006). Secretin 
also facilitates gamma-aminobutyric acid, or GABAergic input of Purkinje cells in 
the cerebellum (Lee et al., 2005; WH et al., 2001) and vasopressin expression and 
release in the hypothalamus (Chu et al., 2006). However, this effect on both 
vasopressin and oxytocin release may also be through a noradrenergic pathway, as 
shown in a rat model by Velmurugan et al (Velmurugan et al., 2010). All in all, it 
has been proposed, that the central actions of secretin are related to fluid homeostasis 
(Chu et al., 2009, 2011), food intake (Butcher and Carlson, 1970) and control of 
social behavior (Horvath et al., 1998; Sandler et al., 1999). These effects by 
peripherally secreted secretin would be mediated through the autonomic nervous 
system (ANS) (Chu et al., 2013; Yang et al., 2004), or directly after transmembrane 
diffusion of the hormone (Banks et al., 2002).  
2.1.2.1 Social behaviour 
Twenty years ago, secretin gained attention as a possible target for the treatment of 
autism, when Horvath and colleagues reported improved social, cognitive and 
communicative skills in three autistic children, who had received intravenous 
injections of synthetic secretin during endoscopic evaluations of gastric problems 
(Horvath et al., 1998).  There is a loss of cerebellar Purkinje cells in autism (Bauman, 
1991) and as mentioned previously, secretin is known to facilitate the function of 
these cells (Lee et al., 2005; WH et al., 2001). Genes encoding oxytocin and 
vasopressin have also been suggested as candidates for autism and social phobias 
(Young, 2001) and secretin has an effect on them as well (Velmurugan et al., 2010). 
Despite interest and several randomized, placebo-controlled clinical studies, 
intravenous secretin showed no statistically significant benefit in language, cognition 
or autistic symptoms, compared to placebo (Krishnaswami, 2011; Sandler et al., 
1999).  
Review of the Literature 
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2.1.2.2 Appetite 
Secretin’s role in the control of food intake was postulated in mice already in the 
1970’s (Butcher and Carlson, 1970). Later, the anorexigenic effect of secretin was 
suggested to depend on melanocortin signaling, shown with both peripheral and 
central administration of the hormone in mice (Chen et al., 2011). The same group 
later showed that vagotomy and capsaicin, an afferent neurotoxic treatment, 
attenuated the anorexigenic effects of peripherally administered secretin (Chu et al., 
2013).  
Several other gastric hormones have been shown to have effects on appetite. 
Those with well-established anorexigenic effects, together with the adipokine leptin, 
are CCK, pancreatic polypeptide, peptide YY, GLP-1 and oxyntomodulin, while the 
only known orexigenic hormone is ghrelin (Paz-Filho et al., 2015; Perry and Wang, 
2012). So far, there have been no studies addressing the anorexigenic effects of 
secretin in humans. 
2.1.2.3 Fluid homeostasis 
Initially it seemed that secretin had a diuretic effect on dogs and humans (Barbezat 
et al., 1972; Owen and Ivy, 1931), however there were opposite findings in rats 
(Charlton et al., 1986). Secretin increases renal blood flow in rats (Lameire et al., 
1980), and single-nephron glomerular filtration rate and glomerular plasma flow in 
dogs (Marchand, 1986). More recently it was shown in mice, that secretin is released 
from the posterior pituitary during hyperosmolar conditions and that it stimulates 
vasopressin expression and release in the hypothalamus  (Chu et al., 2009). In a study 
that utilized secretin receptor null mice, it was shown that secretin has a vasopressin 
-independent mechanism on aquaporin 2 channels in the collecting tubules, 
increasing renal water absorption (Chu et al., 2007). Centrally injected secretin 
induced water drinking behavior and thus also increased diuresis in rats, while 
peripherally injected secretin did not have this effect (Chu et al., 2011). Results are 
thus somewhat conflicting, and it may be that secretin has opposite effects on fluid 
homeostasis, depending on whether the effect is central or peripheral, or relating to 
conditions such as osmolarity or serum secretin concentration. 
2.1.3 Secretin’s cardiovascular effects 
Recently, there has been great interest in the cardiac effects of gastric peptides, due 
to GLP-1 agonists showing cardiac benefits in diabetic patients (Cosentino et al., 
2020). Secretin’s cardiac effects were investigated long before the recent interest and 
then forgotten. In the 80’s, a combined inotropic and vasodilating effect was 
suggested in humans. Secretin was shown to increase cardiac output  and stroke 
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volume in heart failure patients (Gunnes and Rasmussen, 1986). In patients with 
angina, who had normal ventricular function, systemic resistance decreased, stroke 
volume increased and mean cardiac output increased with 20 percent (Gunnes et al., 
1983). There is also indirect evidence of secretin having an association with normal 
cardiac function, as secretin and gastrin-releasing peptide were significantly lower 
in patients with chronic heart failure, compared to controls (Nicholls et al., 1992). 
This was not the case with VIP, GIP, insulin, or glucagon. 
The cardiac effects of secretin have been studied in few animal models. In rat 
cardiomyocytes, the presence of nonselective VIP and secretin receptors, as well as 
secretin-preferring receptors, has been shown (Bell and McDermott, 1994). Secretin 
stimulated contraction, due to accumulation of cAMP in cells (Bell and McDermott, 
1994). In pigs, intracoronary secretin increased cardiac function and perfusion 
through nitrogen monoxide release and β-adrenoceptors (Grossini et al., 2013). In 
coronary endothelial cells, this was caused through cAMP signaling (Grossini et al., 
2013). The effects were abolished by a secretin receptor agonist (Grossini et al., 
2013). All these effects are Gs-protein coupled, but Gq-coupling of sctr is also 
recognized (Garcia et al., 2012). Instead of cAMP signaling, Gq-coupled activation 
mobilizes intracellular calcium (Garcia et al., 2012). This could also contribute to 
increased cardiomyocyte contraction, but the effect has not been investigated. 
2.1.4 Secretin’s effects on lipid and glucose metabolism 
Secretin activates lipolysis in WAT (Butcher and Carlson, 1970; Sekar and Chow, 
2014). It binds to sctr, which activate cAMP-protein kinase A (PKA) signaling in 
murine white adipocytes, independent of sympathetic activation (Braun et al., 2018). 
During prolonged fasting, plasma secretin levels are increased almost 8-fold from 
day 1 to 3 (Bell et al., 1985; Clark Mason et al., 1979; Manabe et al., 1987). This 
level is much higher than the levels achieved through intraduodenal acidification and 
is most likely due to secretin being a potent lipolytic agent (Butcher and Carlson, 
1970; Sekar and Chow, 2014). 
It has also been shown that secretin acts as an incretin during glucose stimulation 
(Lerner and Porte, 1972). Insulin secretion was increased by secretin during a 
glucose infusion and pretreating patients with secretin also potentiated glucose 
stimulated insulin release (Lerner and Porte, 1972). The small increase in insulin 
levels in individuals who fasted only lasted a few minutes and authors suggested that 
secretin only stimulates the first phase of insulin release, not production (Lerner and 
Porte, 1970). 
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2.2 Brown adipose tissue 
BAT has been of interest in the field of obesity and metabolic research ever since it 
was established in 2009 by three different groups, that adult humans have 
metabolically active BAT (Cypess et al., 2009; van Marken Lichtenbelt et al., 2009; 
Virtanen et al., 2009). Instead of storing triglycerides (TG) like WAT, BAT is also 
able to utilize the stored energy with mitochondrial uncoupling protein 1 (UCP1) to 
produce heat. This thermogenic effect is known to be important for thermal 
regulation in small rodents (Jakus et al., 2008), but also in humans during infancy 
(Aherne and Hull, 1966).  
In adult humans, the catabolic potential of BAT has been of interest in obesity 
research. It has been calculated, that supraclavicular BAT could burn up to four 
kilograms of fat yearly, if constantly activated (Virtanen et al., 2009). In humans, 
cold activation of BAT has been shown to negatively associate with age and body 
mass index (BMI) (Cypess et al., 2009; Saito et al., 2009). BAT activation is also 
associated with insulin sensitivity (Chondronikola et al., 2014; Hanssen et al., 2015), 
lowered circulating TGs (U-Din et al., 2017) and cardiovascular health (Becher et 
al., 2021). Obese persons have less cold induced BAT activation, but weight loss 
with exercise and nutritional guidance, or with gastric bypass surgery, increases BAT 
mass (Orava et al., 2013; Vijgen et al., 2012). Since BAT’s catabolic potential in 
humans is somewhat blunted by its relatively small mass, it has been proposed that 
BAT may also have beneficial regulatory effects (Ikeda et al., 2018). These effects 
may be conveyed by afferent neuronal communication with the brain, as well as 
through secretion of adipokines and lipokines (Villarroya et al., 2017). For instance: 
BAT activation counteracts insulin resistance by suppressing WAT fibrosis through 
lipokines (Ikeda et al., 2018). 
2.2.1 Structure and location 
BAT is densely innervated and vascularized (Cannon and Nedergaard, 2004). The 
lipid droplets in BAT are small compared to WAT and brown adipose cells have 
an abundance of mitochondria (Figure 2). In addition to classic BAT, literature 
also mentions beige or brite adipose tissue, which in mice is histologically closer 
to adult human BAT. Currently beige adipose tissue is considered to be the same 
plastic tissue as BAT, which adapts to its prevalent environment by varying its 
expression of UCP1 (Kalinovich et al., 2017). When UCP1 expression is 





Figure 2.  Microscopic image of BAT and WAT. Modified from Virtanen et al. 2009. 
BAT is formed during human fetal development and infants have an abundance of 
BAT around the shoulder blades (Aherne and Hull, 1966; Ponrartana et al., 2013). 
During childhood, the amount of BAT is reduced until it increases again in puberty, 
as muscle mass increases (Ponrartana et al., 2013; Rogers, 2015). In adulthood, 
relative BAT mass decreases with age. The largest BAT depots in humans are 
located in the neck and above the clavicles, but according to autopsy data, smaller 
BAT depots are located throughout the body, especially around vital organs 
(Heaton, 1972) (Figure 3.). Human BAT function can be studied with positron 
emission tomography (PET) combined with computed tomography (CT) -imaging. 
Current estimates on BAT mass have been made by studying these largest depots 
only and thus likely underestimate the catabolic capacity of human BAT (Kim et 
al., 2019). 
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Figure 3.  The top image shows a PET/CT image of the neck area, where the glucose uptake of 
1. cervical and 2. supraclavicular BAT can be quantified. The lower image shows the 
known anatomical locations of BAT, which cannot be quantified with current PET/CT 
technology: 3. axilla, 4. lung hilum and pericardial fat pad, 5. aortic, 6. adrenal, 7. renal 
and 8. paravertebral. Modified from Laurila et al. 2020. 
2.2.2 Cold induced brown adipose tissue activation 
The strongest known activator of BAT thermogenesis is cold exposure, which also 
increases UCP1 expression (Blondin et al., 2014; van der Lans et al., 2013; 
Yoneshiro et al., 2013). This is why BAT is more active in a colder climate, even in 
humans (Cypess et al., 2009; Huttunen et al., 1981; Saito et al., 2009). 
Brown adipose tissue is activated by exposure to cold through the sympathetic 
nervous system (Cannon and Nedergaard, 2004). Thermal receptors on the skin sense 
temperature and relay the signal to the brain. Efferent sympathetic nerves then bring 
the signal to BAT (Figure 4.). Noradrenaline and adenosine triphosphate (ATP), 
which breaks into adenosine, are released from the sympathetic nerve endings 
(Kooijman et al., 2015; Lahesmaa et al., 2019).  Noradrenaline binds to β3-
adrenoceptors and adenosine to A2A-receptors, which leads to intracellular lipolysis 
and UCP1 activation. Fatty acids (FA) are released from TGs, stored in intracellular 
lipid droplets. At the same time, an influx of FA and glucose into the cell is initiated, 
to restore these TG storages.  
Released FAs are taken into the mitochondrial matrix, where they fuel the Krebs 
cycle (Figure 4). Hydrogen protons (H+), created in the Krebs cycle, are transported 
through the electron transport chain into the intermembrane space. A proton gradient 
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is formed between the mitochondrial matrix and the intermembrane space, which is 
mostly utilized in the production of ATP. In BAT, however, this proton gradient is 
uncoupled from ATP synthase by UCP1, and energy is instead released as heat. 
 
Figure 4.  UCP1 induced thermogenesis in brown adipose cells. Modified from Laurila et al. 2020. 
2.2.3 Meal induced brown adipose tissue activation 
Meal induced thermogenesis consists of handling thermogenesis, produced through 
ingestion, digestion and absorption, and facultative thermogenesis, the latter which 
has sometimes been disputed (Kozak, 2010). Regardless, meal induced BAT 
thermogenesis has been known in rodents for decades (Glick et al., 1981; Rothwell 
and Stock, 1979). Although meal induced thermogenesis has been recognized in 
humans, it was long unclear whether BAT contributes to it.  
Postprandial BAT thermogenesis was proven in humans recently, when BAT 
oxygen consumption was shown to significantly increase after a mixed meal, to the 
same level as during cold exposure (U-Din et al., 2018). Before this, it was shown 
that a high calorie, carbohydrate rich meal increases BAT activity, measured semi 
quantitatively with [18F]2-fluoro-2-deoxy-D-glucose ([18F]FDG) PET/CT, in lean 
humans (Vosselman et al., 2013). BAT is insulin sensitive (Orava et al., 2011) and 
the increase was associated with insulin levels. Vrieze et al. showed the opposite 
with the same imaging method after a mixed meal; BAT standard uptake was 
decreased compared to a fasting state (Vrieze et al., 2012). This could have been due 
to the semi quantitative method used and the relatively higher uptake in muscles 
affecting the result, but the authors also speculated that BAT may utilize fatty acids 
instead of glucose after a mixed meal. This increase in fatty acid uptake after a mixed 
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meal compared to fasting conditions was later confirmed by U-Din et al. (U-Din et 
al., 2018).  
Postprandial thermogenesis, including that produced by BAT, has been assumed 
to be mediated through the sympathetic nervous system (SNS). During feeding, 
circulating glucose and insulin levels are increased and sensed by the hypothalamus, 
which in turn increases sympathetic drive (Cannon and Nedergaard, 2004). 
However, only carbohydrates activate the SNS, yet thermogenesis is induced by all 
macronutrients (Welle et al., 1981). It has thus also been suggested that dietary 
peptides, released during feeding, are sensed by the brain, which then activates 
thermogenesis through the SNS (Bachman et al., 2002). This was shown with a 
central administration of GLP-1 in mice (Beiroa et al., 2014), whereas in the case of 
CCK, it was proposed that sympathetic afferents deliver the message to the central 
nervous system (Blouet and Schwartz, 2012). However, nonselective β-blockade 
does not reduce postprandial metabolic rate (Thörne and Wahren, 1989; Zwillich et 
al., 1981), which indicates that thermogenesis is initiated by a mechanism 
independent of the SNS. Interestingly, the bile acid chenodeoxycholic acid increases 
BAT thermogenesis through an SNS independent pathway (Broeders et al., 2015). 
Bile acids are ejected into the intestine during feeding, after which 95 percent are 
reabsorbed and enter the portal blood stream (Yang and Zhang, 2020). They could 
therefore also facilitate postprandial BAT activation. 
In 1979, Rothwell and Stock proposed that the purpose of prandial BAT 
thermogenesis is to burn off excess calories and protect against obesity and insulin 
resistance (Rothwell and Stock, 1979). They discovered that rats that were fed high 
calorie diets, gained less weight than was expected from their caloric intake.  
Recently a creatin-driven substrate cycle in beige adipose tissue was shown to have 
a role in diet induced thermogenesis in mice (Kazak et al., 2017). When adipose 
creatin metabolism was genetically depleted, diet induced obesity occurred without 
an increase in caloric intake, compared to non-genetically depleted mice (Kazak et 
al., 2017). From an evolutionary standpoint however, the concept might seem 
counterintuitive, since high calorie conditions are extremely rare and in essence only 
persist in modern human societies (Kozak, 2010). The idea of an impaired metabolic 
rate causing obesity lead to years of search for obese patients with low metabolism, 
but such patients were never found (Prentice and Jebb, 2004). Besides, there is a well 
proven positive association between body weight and resting metabolic rate (Leibel 
et al., 1995).  
BAT thermogenesis has also been suggested as a regulator of food intake (Glick, 
1982; Himms-Hagen, 1995). In humans, there is indirect evidence for the role of 
thermogenesis on appetite. A thermogenic meal is associated with a sensation of 
fullness (Crovetti et al., 1998) and BAT activation, induced by mild cooling, lowers 
circulating ghrelin levels (Chondronikola et al., 2017). However, thermoregulatory 
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feeding has not been extensively studied, possibly because it was known that 
nonselective β-blockade does not increase meal sizes and UCP1 knock-out (KO) 
mice do not feed excessively (Cannon and Nedergaard, 2004). 
2.3 Investigating organ crosstalk in humans 
2.3.1 Positron emission tomography 
PET/CT is a functional imaging method, which can be used for measuring tissue and 
organ specific metabolism in vivo. It is based on the administration of a radiotracer, 
which mimics a naturally occurring biological process. The tracer accumulates into 
an organ or tissue and the emitted radiation is detected with a PET camera. The data 
are then transformed into a 3D image, which can be visually inspected. These data 
can be combined with CT or magnetic resonance imaging (MRI) for further 
anatomical localization (Anand et al., 2009). Tissue and organ specific tracer 
accumulation can also be quantitated with mathematical modeling (Oikonen, n.d.). 
Several different organ systems and tissues can be studied in vivo in the same 
imaging session, making PET an ideal method for investigating organ crosstalk in 
humans. 
2.3.1.1 Principles of PET 
PET tracers (or radioligands) are produced by incorporating a proton emitting 
radionuclide (such as 15O, 18F or 11C) into a biologically active molecule of interest. 
PET tracers are most commonly administered intravenously but can also be 
administered orally or by inhalation. Radionuclides are produced with a cyclotron 
and radioligands with very short half-lives are administered within seconds after 
production. After administration, the radioligand behaves according to the 
biologically active molecule’s naturally occurring biological process.  
Radionuclides steadily undergo nuclear decay, emitting protons. When a proton 
then collides with a nearby electron, annihilation occurs, and two gamma rays of 
equal energy are emitted in opposite directions. The PET scanner’s detectors circle 
the patient and detect these pairs of gamma rays. This obtained raw data is processed 
in order to construct a tomographic image of the locations of annihilation events 
(Cherry and Dahlbom, 2006; Saha, 2010). In this way, the accumulation or high 
turnover of a tracer can be anatomically located.  
In practice, most of the photons are not recorded, as they are either absorbed by 
the body or not within the field of view (FOV) of the PET scanner. Absorption is 
tissue specific and affected by density and volume. This loss of detection due to 
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absorption is called attenuation. It is important to correct attenuation with modeling, 
in order to prevent severe artefacts. Attenuation correction is performed by utilizing 
low dose CT images, acquired before the start of the PET scan.  
 
Figure 5.  A positron-electron annihilation event, detected by the PET scanner. Modified from Van 
der Veldt et al. 2013. 
2.3.1.2 Quantification of tissue metabolism with PET 
There are numerous different radioligands, but [18F]FDG is the most widely available 
and used tracer. It is also considered the gold standard tracer for studying BAT 
activation (Carpentier et al., 2018). [18F]FDG mimics glucose and tissues with 
increased metabolism have higher glucose uptake. However, instead of going 
through all steps of glycolysis inside the cell, the tracer is trapped until it decays and 
can be detected with a PET scanner.  
Standard uptake value (SUV) is a widely used, semi-quantitative method for 
measuring tracer uptake. It is calculated as the ratio of the image derived 
radioactivity concentration at a single timepoint (kBq/ml) and the whole-body 
concentration of injected radioactivity (MBq/kg) (Cypess et al., 2014). The benefit 
of this method is that it can be used for static scans, doesn’t require blood sampling 














directly influenced by the uptake of other tissues. This also makes it vulnerable to 
variation caused by factors such as muscle activity or nutritional state (Oikonen, 
n.d.). In the case of diagnostic [18F]FDG scans, these variations can be sufficiently 
controlled for by patient guidance. 
Due to the relative nature of SUV, quantitative measures should be preferred in 
scientific studies whenever possible. This requires dynamic scanning, as well as 
arterial sampling. In the analysis stage, a tissue specific time activity curve (TAC) is 
estimated from the acquired frames of the dynamic scan and an arterial input function 
is generated from the measured radiation of arterial samples. The net uptake rate (Ki) 
of a tracer can then be estimated with the graphical Patlak method (Patlak and 
Blasberg, 1985). In the case of [18F]FDG, glucose uptake rate is calculated by 
multiplying Ki with plasma glucose levels and dividing the product with the lumped 
constant (LC). The LC is tissue specific and accounts for the transport and 
phosphorylation differences between glucose and [18F]FDG, caused by competitive 
substrate kinetics (Oikonen, n.d.). Fractional uptake rate (FUR) can be used for 
single late scans, which is an approximation of a Patlak plot (Thie, 1995). 
Tissue perfusion, or the volume of blood flowing through a volume of tissue per 
unit of time, can be measured with [15O]H2O, also called radiowater. The tracer 
requires an on-site cyclotron in close proximity to the PET scanner, due the 
radionuclide’s very short half-life of 122.2 seconds. Radiowater is most commonly 
used to measure myocardial perfusion in order to detect ischemia, caused by 
obstructive coronary artery disease (Danad et al., 2014). In BAT research, is can be 
used to indirectly estimate BAT thermogenesis, as BAT perfusion has been shown 
to correlate with BAT oxygen consumption (U-Din et al., 2016). Unlike [18F]FDG, 
[15O]H2O is a diffusible and inert tracer and tissue perfusion can be measured with 
one-tissue compartment model. Arterial input function is acquired from the PET 
image from inside the lumen of a large artery or the left ventricle. A direct way to 
measure BAT oxygen consumption is by administration of inhalable [15O]O2. Like 
[15O]H2O, the tracer also requires an on-site cyclotron and equipment for automized 
administration. Due to the challenges of production and administration, the tracer is 
not in wide use. 
2.3.2 Functional magnetic resonance imaging 
Functional Magnetic Resonance Imaging (fMRI) is used to study neural activity. It 
is a non-invasive method without radiation exposure to measure brain activity at rest 
or during various cognitive tasks. fMRI uses the blood-oxygen-level dependent 
(BOLD) contrast to map changes in blood flow and oxygenation, related to energy 
use. These metabolic changes are associated with neural activity. When neurons 
become active and their demand for glucose and oxygen is increased, arterial blood 
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is directed to them. Oxygenated blood is less magnetic than deoxygenated blood and 
fMRI utilizes the differences in the magnetic properties of arterial and venous blood 
(Buxton et al., 2004). 
Compared to PET, fMRI has superior spatial and temporal resolution, making it 
an ideal imaging method for studying cognitive tasks. However, various sources 
cause noise to the signal, such as physiological processes like respiratory movement 
and heartbeat, and thermal noise from both the study participant and the operating 
MRI system. It is also not always clear cut where the line between the signal of 
interest and noise goes, as the brain is often the generator of both (Liu, 2016). This 
is especially the case with resting state scans, where no stimulus is applied. A 
reaction to a single stimulus is also difficult to detect, but repeating the stimulus 
makes it possible to obtain a clear signal when events are averaged (Huettel et al., 
2004). Implementing repeated stimulus also improves the experimental design, as 
experiment and control stimulus can be generated in a randomized order (Huettel et 
al., 2004)
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3 Aims of the Study 
The purpose of this study was to investigate the pleiotropic effects of the 
gastrointestinal hormone secretin in humans by means of imaging. Gastrointestinal 
hormones have recently been of interest in cardiovascular research because of their 
cardioprotective potential, but the effects of secretin have not been studied with 
modern methods. Meal induced thermogenesis and its link to appetite has not been 
extensively studied either. If confirmed in mouse models, conducted at the Technical 
University of Munich, and as proof of concept in humans studied in this thesis work, 
the mechanism could provide new means to treat and prevent obesity. 
 
The specific aims of the study were: 
 
1. To investigate whether secretin activates BAT, and secretin’s potential role 
in initiating meal induced thermogenesis (I, II).  
 
2. To investigate whether secretin affects appetite (I, II). 
 
3. To investigate the effect of secretin on myocardial metabolism and kidney 





4 Materials and Methods 
4.1 Study Subjects (I-III) 
Written informed consent was provided by all subjects. The study protocol was 
reviewed and approved by the Ethics Committee of the Hospital District of 
Southwest Finland. The study was performed according to the principles of the 
Declaration of Helsinki. Twenty-one healthy men (n=21, mean + standard deviation 
(SD), age 35.2 + 14.4 years, BMI 23.6 + 1.9 kg/m2) provided data for analysis; n=15 
with PET/CT (aged 41.6 + 12.1 years, BMI 24.0 + 1.9 kg/m2) (I, II, III), n=5 with 
BAT biopsies (II), and n=14 with fMRI (aged 34.4 + 14.6 years, BMI 23.3 + 1.8 
kg/m2) (II). Study enrollment, participation and analysis is summarized in Figure 6. 
In addition to these participants, stored serum samples of n=17 participants of a 
previously reported postprandial study were analyzed for serum secretin (U-Din et 
al., 2018) (I). 
A group of 16 participants was recruited for the PET/CT study. One participant 
discontinued his participation in the study after one scan and was excluded from 
analysis. Six participants gave additional consent to obtain supraclavicular BAT 
biopsies. One participant was excluded from analysis due to insufficient sample 
quality. After the PET/CT study, 11 participants provided written informed consent 
for the fMRI study. An additional group of 6 participants was recruited with the same 
inclusion and exclusion criteria, described below. Data from one participant was 
excluded from analysis due to significant protocol deviations and from two 
participants due to a technical failure of the MRI scanner.  
Medical history, cardiovascular status, anthropometric measurements, 
electrocardiography (ECG), routine laboratory tests (such as hemoglobin, creatinine, 
amylase, and liver values), blood pressure measurements and a 2-hour oral glucose 
tolerance test were performed on all subjects. Inclusion criteria included BMI 20-26 
kg/m2, male sex and age 18-65 years. Exclusion criteria included current smoking, 
any chronic disease (such as diabetes or hyperthyroidism) or medication (such as 
steroids, betablockers or asthma medications) that could affect the outcome of the 





Figure 6.  CONSORT flowchart on the enrolment and analysis of study subjects (I, II, III). Modified 
from Laurila et al. 2021. 
PET/CT (I, II, III) 




BAT biopsies (II)  
n = 6 
 
fMRI (II)  
Randomized (n = 17) 
1. placebo 
2. secretin  
 
Assessed for eligibility 
n = 25 
 
Excluded due to not meeting 
inclusion criteria 




[15O]H2O (II) and [18F]FDG-PET/CT (I, II, III)  
- Analyzed (n=15) 
- Excluded from analysis due to 
discontinuation (n=1) 
fMRI (II) 
- Analyzed (n=14) 
- Excluded from analysis due 
to non-adherence to 
protocol (n=1) 
- Excluded from analysis due 
to MRI scanner failure (n=2) 
BAT biopsies (II) 
- Analyzed (n=5) 
- Excluded from analysis due to 
inadequate quality (n=1) 
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4.2 PET-studies (I-III) 
The effect of secretin on tissue perfusion and glucose uptake was investigated with 
PET/CT (I, II, III). The study consisted of three PET/CT scans (GE DiscoveryTM 
ST System, General Electric Systems, Milwaukee, MI, USA), performed on three 
separate days after an overnight fast (Figure 7.). The scans were conducted within 
2-30 days of each other, in order to minimize the effects of seasonal climate variation 
on BAT activity (van Ooijen et al., 2004; Yoneshiro et al., 2013). One of the three 
scans was performed during controlled cold exposure, which was started 2 hours 
prior to the scan, using cooling blankets (Blanketrol III, Cincinnati Sub-Zero, 
Cincinnati, OH, USA) as described previously (U-Din et al., 2016). Two scans were 
conducted in room temperature, where subjects were single-blinded and randomized 
to receive intravenous infusions of placebo (saline) and secretin (secretin 
pentahydrochloride 1IU/kg x 2) on separate days. Whole body energy expenditure 
was assessed with indirect calorimeter (Deltatrac II, Datex-Ohmeda) during PET-
scans (Orava et al., 2011). Conventional 12-lead electrocardiography (ECG) was 
recorded at baseline, one hour and two hours. Heartrate corrected QT interval (QTc) 
was calculated with Bazzett equation (Bazzett, 1920). Repeated arterialized venous 
samples were collected from the antecubital vein during scanning days. 
 
Figure 7.  The PET/CT study design (I-III). Subjects (n=15) underwent three PET/CT scans: one 
during controlled cold exposure and two in room temperature. Subjects were 
randomized and single-blinded to receive secretin and placebo infusions on separate 
days, during room temperature scans. Infusions were given twice. All scans were 
conducted in the morning after an overnight fast. Red test tubes indicate timing of blood 
samples. Beige arrows indicate randomized secretin and placebo infusions. Modified 
from Laurila et al. 2021 and Laurila et al. Manuscript 2021. 
PET/CT scan – secre.n vs. placebo
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4.2.1 PET image acquisition 
First, a CT scan of the neck was performed for attenuation correction of PET data, 
and anatomic localization. On room temperature days, an intravenous infusion of 
placebo or secretin was then administered, after which 500 MBq of [15O]H2O was 
injected for measuring tissue perfusion (Orava et al., 2011). A dynamic six-minute 
scan of the neck region was acquired, using the frames 6 x 5 sec, 6 x 15 sec and 8 x 
30 sec. After radioactive decay, 150 MBq of [18F]FDG was administered for 
measuring glucose uptake (GU) (Orava et al., 2011) and a second two minute 
infusion of placebo or secretin was initiated. Dynamic 40-minute scanning was 
started simultaneously on the neck region (frames: 1 x 1 min, 6 x 30 sec, 1 x 1 min, 
3 x 5 min and 2 x 10 min). After the neck, the thoracic region was CT scanned for 
attenuation correction, then PET scanned for 15 minutes (frames: 5 x 3 min). 
Radiotracers were produced at the Turku PET Centre. 
4.2.2 PET image analysis 
Image analysis was conducted with Carimas 2.8 software (Turku PET Centre, Turku, 
Finland). Regions of interest (ROI) were outlined in the fusion images, composed of 
the dynamic [18F]FDG PET image and the CT image. To analyze BAT, ROIs were 
drawn on the supraclavicular fat depots, including only voxels with CT Hounsfield 
Units (HU) within the adipose tissue range (-50 to -250 HU) (U-Din et al., 2017). 
Skeletal muscle ROIs were drawn on the deltoid muscles. An automated cardiac 
analysis tool was used for the heart. 
For tissue glucose uptake calculations, TACs were generated for the ROIs. 
Regional TAC data was analyzed by taking into account the radioactivity in 
arterialized plasma, using the Patlak model (Patlak and Blasberg, 1985) for BAT and 
deltoid muscles and FUR (Thie, 1995) for the heart. Arterialized plasma radioactivity 
was assessed with an automatic gamma counter (Wizard 1480, Wallac, Turku, 
Finland). A lumped constant value of 1.14 was used for adipose tissue (Virtanen et 
al., 2001), 1.20 for skeletal muscle (Peltoniemi et al., 2000) and 1 for the 
myocardium (Bøtker et al., 1997).  
For radiowater BAT analysis, arterial input function was determined by drawing 
a ROI in the arch of aorta. The same BAT ROIs from the [18F]FDG images were 
used for the analysis of BAT perfusion. Perfusion was calculated using the one-tissue 
compartment model, as previously described (U-Din et al., 2016). 
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4.3 Indirect Calorimetry (II, III) 
Whole body energy expenditure was assessed with indirect calorimetry during PET-
scans, as described previously (U-Din et al., 2016). The first minutes of calorimetry 
data were excluded to measure the steady state, and analysis started from 10 minutes 
after the first secretin dose. Whole body energy expenditure and the rate at which 
carbohydrates and lipids were oxidized for it, were calculated with Matlab (Version: 
R2011a), using the Weir equation (Weir, 1949) and the manufacturer’s equations 
(Meriläinen, 1987). Protein metabolism was calculated by assuming urine nitrogen 
as 13 g/24h. 
4.4 fMRI studies (II) 
The second part of the study consisted of two separate fMRI scans (3-Tesla Philips 
Ingenuity PET/MR scanner) performed in the morning after an overnight fast at 
room temperature with identical protocols. Again, the individual scans were 
performed within 7-30 days, in order to minimize seasonal effects on appetite and 
BAT function. As in the metabolic PET/CT studies, secretin and placebo were 
administered in a randomized fashion, where subjects were blinded to the 
intervention. Food cue tasks were initiated after the second infusion, timed to 
correspond the timing of the [18F]FDG PET/CT scan of the neck region. Satiety was 
assessed by measuring composite satiety score by visual analogue scale questions 
during scan days. The amount of food eaten after the scan was documented at the 
study center. Subjects filled in food diaries two days prior to, during, and three days 
after the study day.  
 
Figure 8.  fMRI study design (II). Subjects (n=14) underwent two fMRI scans, where they were 
randomized and single-blinded to receive secretin and placebo infusions on separate 
days. After scanning, subjects had a meal and were then followed up for two hours. 
Subjective measurements on appetite were collected with visual analogue scale 
questionnaires at prespecified timepoints. All scans were conducted in the morning after 
an overnight fast. Beige arrows indicate randomized secretin and placebo infusions. 
Modified from Laurila et al. 2021. 
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4.4.1 fMR tasks and image acquisition 
A previously established task protocol (Nummenmaa et al., 2018) was implemented 
for inducing anticipatory reward, by showing the participants pictures of palatable 
(e.g. chocolate, pizza, cakes), and non-palatable (e.g. lentils, cereal, eggs) foods 
(Figure 9.). This task simulates situations where appetite is triggered by anticipating 
the actual feeding via visual food cues, such as those in advertisements. The pictures 
were rated in a previous study by independent participants; the ratings showed that 
the palatable foods were evaluated more pleasant than the non-palatable foods 
(Nummenmaa et al., 2012).   
During the tasks, functional data were acquired with gradient echo-planar 
imaging (EPI) sequence, sensitive to the BOLD signal. Participants viewed 
alternating 16.2-s epochs with pictures of palatable or non-palatable foods. Each 
epoch contained nine stimuli from one category, intermixed with fixation crosses. 
Each food stimulus was presented on either the right or the left side of the screen, 
and participants were instructed to indicate its location by pressing corresponding 
buttons. This task was used simply to ensure that participants had to pay attention to 
the stimuli. Stimulus delivery was controlled by the Presentation software 
(Neurobehavioral System, Inc., Berkeley, CA, USA).  
Functional data were acquired using 3-Tesla Philips Ingenuity PET/MR scanner 
and using EPI sequence with the following parameters: TR = 2600 ms, TE = 30 ms, 
flip angle 75°, 240 x 240 x 135 mm FOV, 3 × 3 × 3 mm voxel size. Each volume 
consisted of 45 interleaved axial slices acquired in ascending order. A total of 165 
functional volumes were acquired, with additional five dummy volumes acquired 
and discarded at the beginning of each run. Anatomical reference images were 
acquired using a T1-weighted sequence with following parameters: TR 8.1 ms, TE 
3.7 ms, flip angle 7°, 256 x 56 x 176 mm FOV, 1 × 1 × 1 mm voxel size. 
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Figure 9.  fMRI paradigm where pictures of palatable vs. non-palatable foods were presented to 
study subjects under secretin or placebo conditions. The protocol included twelve 16.2 
second blocks with palatable or non-palatable foods; 6 food stimuli intermixed with 3 
fixations in one block. Modified from Laurila et al. 2021. 
4.4.2 fMRI analysis 
Pre-processing of MRI images was performed using FMRIPREP (version 1.3.0.2) 
(Esteban et al., 2019), a Nipype (version 1.1.9)  (Gorgolewski et al., 2011) based 
tool. Each T1-weighted image was corrected for intensity non-uniformity with 
N4BiasFieldCorrection (version 2.1.0) (Tustison et al., 2010) and skull-stripped 
based on the OASIS template with antsBrainExtraction.sh workflow (ANTs version 
2.2.0). Brain surfaces were reconstructed using recon-all from FreeSurfer (version 
6.0.0) (Dale et al., 1999), and the brain mask estimated previously was refined with 
a custom variation of the method to reconcile ANTs- and FreeSurfer-derived 
segmentations of the cortical grey matter, using Mindboggle (Klein et al., 2017). 
Spatial normalization to the ICBM 152 Nonlinear Asymmetrical template version 
2009c (Fonov et al., 2009) was done with nonlinear registration, using the 
antsRegistration tool (Avants et al., 2008). Tissue segmentation of cerebrospinal 
fluid, white-matter and grey-matter was performed on the brain-extracted T1w using 
fast (Zhang et al., 2001) of FSL (version 5.0.9). Functional MRI images were slice 
time corrected with 3dTshift from AFNI (version 16.2.07) (Cox, 1996) and motion 
corrected with mcflirt (Jenkinson et al., 2002) from FSL. This was followed by co-
registration to the corresponding T1w via boundary-based registration (Greve and 
Fischl, 2009) with nine degrees of freedom, using bbregister from FreeSurfer. These 
steps were concatenated and applied in a single step via antsApplyTransforms with 
the Lanczos interpolation. Physiological noise regressors were obtained using 
CompCor (Behzadi et al., 2007), where principal components were estimated for 
temporal and anatomical variants. A mask to exclude signal with cortical origin was 
created via eroding the brain mask, ensuring it originated merely from subcortical 
structures. Six temporal CompCor components were then calculated, including the 
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top 5% variable voxels within that subcortical mask. For anatomical CompCor 
components, six components were calculated within the intersection of the 
subcortical mask and the union of cerebrospinal fluid and white matter masks, after 
projection to the native space of each functional run. Frame-wise displacement 
(Power et al., 2014) was calculated for each functional run, using the implementation 
of Nipype. Finally, ICA-based Automatic Removal Of Motion Artifacts (AROMA) 
was used to generate aggressive noise regressors, and also to create a variant of data 
which is non-aggressively denoised (Pruim et al., 2015).  
4.5 Appetite and feeding (II) 
4.5.1 Composite satiety score 
Satiety was assessed during the study days by measuring composite satiety score 
(CSS), by utilizing a validated visual analogue scale (VAS) questionnaire (Flint et 
al., 2000; Gilbert et al., 2012) to calculate CSS (CSS = satiety + fullness + (100 − 
prospective food consumption) + (100 − hunger)) (Figure 10.). All questions were 
answered in Finnish. Subjects filled in the questionnaire in three different phases of 
the study: pre-prandial (at baseline and after the scan), prandial (ten minutes into 
feeding) and postprandial phase (directly after feeding, then every 30 minutes up to 
2 hours after feeding).  
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Figure 10. Visual analogue scale questionnaire (II). Modified from Laurila et al. 2021. 
4.5.2 Dietary intake 
Subjects were instructed to eat and live normally before the scanning days, avoiding 
heavy exertion and events that involve excessive feeding or alcohol consumption. 
Subjects were also instructed to pay attention to eating similar foods at similar time 
points the day before both fMRI scans. Food diaries were checked for compliance 
with instructions. Fasting was instructed to begin at 10 p.m. the previous night and 
continued until the scan. All fMRI scans were conducted between 8 a.m. and 11 a.m.  
After the fMRI scan, subjects were offered a standardized meal (one kilogram of 
pasta and minced meat casserole, with the energy content of 102.86 kcal per 100 
grams) and advised to eat at their own pace until they felt satiated. Subjects ate at the 
PET Centre kitchen without outside disturbances for 20 minutes. They filled in a 
VAS questionnaire and the food container was weighed at 10 min and 20 min after 
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start of meal, to assess whether secretin has an effect on the size of the first meal 
after an overnight fast. Food diaries were utilized to calculate the effect of secretin 
compared to placebo on the resumption to eat after the first meal. 
4.6 Serum and plasma measurements (I-III) 
During PET/CT scans, blood samples were collected from the antecubital vein 
through a cannula at baseline and after 10 min, 20 min, 30 min, 60 min and 120 min 
from start of scan (Figure 7.). Plasma samples were collected at baseline, 20 min, 
30 min, 60 min and 120 min. Serum samples were analyzed for metabolites (such as 
serum total fatty acids and creatinine) at Nightingale laboratory with nuclear 
magnetic resonance (NMR) spectroscopy (Soininen et al., 2009). Plasma samples 
for glucose and insulin were analyzed with electrochemiluminescence 
immunoassays (ECLIA) at the Turku University Hospital laboratory. Serum secretin 
levels were determined by enzyme-linked immunosorbent assay (ELISA), using a 
kit purchased from Cloud-Clone, following the manufacturer’s instructions. Secretin 
concentrations were calculated using a standard curve generated by secretin 
standards included in the kit. 
4.7 BAT biopsies (II) 
Biopsies were obtained in non-fasting state on a separate, late afternoon visit (n=6). 
Supraclavicular BAT depots were localized using cold exposure PET/CT scans. 
BAT samples were collected in local anesthesia, with lidocaine c. adrenalin (10 
mg/ml + 10 μg/ml), from a single incision by an experienced plastic surgeon, under 
the supervision of an anesthesiologist. Samples were preserved in formalin and 
immunohistochemistry for SCTR detection was performed at the Technical 
University of Munich (TUM).  
4.8 Renal function measurements (III) 
For urine secretion measurements, subjects voided before and after the PET/CT scan. 
Times were recorded and urine volumes measured. Urine radioactivity after the 
[18F]FDG scan and arterialized plasma sample radioactivity, measured at previously 
described timepoints (Figure 7.), were assessed with an automatic gamma counter 
(Wizard 1480, Wallac, Turku, Finland). [18F]FDG renal clearance rate was 
calculated as previously described, with urine activity (FDGurine) divided by area 
under the curve (AUC) arterialized plasma radioactivity from beginning of the scan 
to the end (Latva-Rasku et al., 2019). 
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𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝑅𝑅𝑅𝑅𝐶𝐶𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹 =  
𝐹𝐹𝐹𝐹𝐹𝐹𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢
𝐴𝐴𝐴𝐴𝐶𝐶0→𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠 𝑡𝑡𝑢𝑢𝑠𝑠𝑢𝑢�  
Estimated glomerular filtration rate (eGFR) was measured with Cockcroft-Gault 
equation (Cockcroft and Gault, 1976), calculated from serum creatinine 
measurements. 
𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑅𝑅𝐶𝐶𝑅𝑅𝑅𝑅 𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝑅𝑅𝑅𝑅𝐶𝐶𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑢𝑢 =  
([140 − 𝑅𝑅𝑎𝑎𝑅𝑅] × 𝑘𝑘𝑎𝑎)
(𝑠𝑠𝑅𝑅𝐶𝐶𝑠𝑠𝑠𝑠 𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑅𝑅𝐶𝐶𝑅𝑅𝑅𝑅 × 72)�  
4.9 Preclinical studies (I) 
Preclinical studies were conducted by our collaborators at the Technical University 
of Munich. Mice were bred at the animal facility of the Technical University of 
Munich. The animals were housed at 22+1°C and 50-60% relative humidity in a 
12h:12h light:dark cycle and they had ad libitum access to food and water. All animal 
experiments were approved by the German animal welfare authorities at the district 
government. 
RNA sequencing was performed on BAT samples of n=4 male C57BL/6J mice. 
Libraries from all samples were pooled and then sequenced. All genes and transcripts 
were assigned relative coverage rates as measured in RPKM units (reads per kilobase 
per million mapped reads). In vivo experiments were conducted on 129S1 mice for 
WT vs. UCP1 KO experiments, and 129S6 for noradrenaline vs. secretin 
experiments. Mice were kept at thermoneutrality (30°C) for 1 week prior to indirect 
calorimetry measurements. Intraperitoneal injections of (5 nmol) secretin, equal 
volume of placebo or noradrenalin (1 mg/kg) was administered, and indirect 
calorimetry was measured for 1 hour. For direct visualization of BAT activation by 
5 nmol of secretin, athymic, female Nude-Foxn1nu mice were studied with indirect 
calorimetry, coupled with multispectral optoacoustic tomography (MSOT) (n=6). 
Heat production, total blood volume in the Sulzer vein and oxygen saturation was 
measured before and after secretin administration. MSOT enables the quantification 
of oxygenated and deoxygenated hemoglobin. Total blood volume was assessed as 
the sum of oxygenated and deoxygenated hemoglobin. To monitor intrascapular 
BAT (iBAT) temperature, 129S6/SvEv mice were anesthetized, and telemetry 
transmitters were implanted above the iBAT pad. Cumulative food intake was 
measured up to 3 hours in WT and UCP1 KO 129S1/SvEv mice after overnight (18h) 
fasting. The neurobiological basis for a satiation effect was then investigated by 
measuring  the relative expression abundance of mRNAs of interest from 
hypothalamic samples. The hypothalamus of fasted WT and UCP1 KO mice was 
removed 4 hours after intraperitoneal injections of secretin 5nm or placebo. 
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4.10 Statistical analysis (I-III) 
Data are reported as means + SD for normally distributed data and medians + 
interquartile range (IQR) otherwise. Statistical analysis for animal studies was 
conducted with GraphPad Prism8 (I), for PET/CT, calorimetry, food diary and urine 
measurement data with IBM SPSS Statistics (versions 25 and 27) (II, III) and for 
serum metabolites, plasma hormones and composite satiety score, with R-studio (II, 
III). Student’s t-test was used to compare changes within subjects, when differences 
were normally distributed, and paired Wilcoxon signed-rank test when not normally 
distributed. Independent samples T-test was used to compare two different groups. 
Correlations were analyzed with Pearson’s correlation for linear and Spearman’s 
rank correlation for non-linear associations between paired observations. For 
analysis of multiple timepoints, placebo and secretin interventions were compared 
using paired Wilcoxon test for each timepoint and AUC. P-values are marked as * 
p<0.05, ** p<0.01, *** p<0.001. 
Functional MRI data was analyzed using SPM12 (version 7487) run with Matlab 
(version R2016b). In the analysis, the whole-brain random effects model was 
applied, using a two-stage process with separate first and second level. For each 
participant, the general linear model was first used to predict regional effects of task 
parameters (palatable and non-palatable foods) and drug condition (secretin, 
placebo) on BOLD indices of activation. Subject-wise contrast images were 
generated for the effect of palatable versus non-palatable foods in the secretin and 
placebo conditions, as well as interaction effect between food categories and 
conditions, and subjected to second-level analyses. The resulting statistical images 
were thresholded at p <0.05, false discovery rate (FDR) corrected. 
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5 Results 
5.1 Secretin activates BAT (I, II) 
Secretin had the highest transcription levels in murine brown adipose tissue out of 
all investigated gut hormone receptors (Figure 11A.). Thus, we hypothesized that 
secretin activates BAT. SCTR was thereafter confirmed in n=5 human study 
participant BAT biopsies by immunohistochemistry (Figure 11B.). 
 
Figure 11. A. Expressed gut hormone receptors in murine interscapular brown adipose tissue as 
RPKM (reads per kilobase per million mapped reads). Secretin receptor (Sctr) has the 
highest transcript abundance, compared to gastric inhibitory polypeptide receptor (Gipr), 
vasoactive intestinal peptide receptor1/2 (Vipr1/2), Cholecystokinin A/B receptor 
(Cckar/br), Ghrelin receptor (Ghsr), glucagon-like peptide 1 receptor (Glp1r) and the 
PYY receptor (Y2r). (I) B. Immunohistochemical detection of secretin receptor (SCTR) 
in human supraclavicular brown adipose tissue (nuclei stain haematoxylin; 
magnification: x 10 and x 40; scale bars, 200µm and 30 µm). (II) Modified from Li et al 
2018 and Laurila et al. 2021. 
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Secretin was shown to induce non-adrenergic, UCP1 mediated thermogenesis in 
cultured mouse primary brown adipocytes. Thermogenesis was then investigated in 
vivo by indirect calorimetry. In WT mice, kept at thermoneutral conditions (30°C) 
one week prior to measurements, an intraperitoneal injection of secretin induced a 
rise in heat production, comparable to noradrenaline (Figure 12A.). Whole body 
energy expenditure was also increased by intravenous secretin compared to placebo 
in human participants (Figure 12B.). 
 
Figure 12. A. Area under the curve (AUC) heat production in wild type mice, measured for one hour 
by calorimetry after placebo (PBS), secretin (SCT) and noradrenaline (NA) 
administration at 0 minutes (n=6). (I) B. Whole body energy expenditure in human 
participants, measured for two hours by indirect calorimetry, after placebo and secretin 
administration at 0 and 20 minutes (n=15). (II) Modified from Li et al. 2018 and Laurila 
et al. 2021. 
In order to investigate brown adipose tissue thermogenesis in vivo, the venous 
drainage of interscapular BAT was monitored in nude mice. Heat production, total 
blood volume and oxygen consumption of BAT was increased by secretin compared 
to placebo (Figure 13A.). In human participants, secretin increased BAT GU 
compared to placebo (Figure 13B.), while BAT perfusion was not changed (mean + 
SD, secretin vs. placebo, 4.84 + 1.85 ml/100g/min vs. 6.00 + 3.12 ml/100g/min, ns). 
BAT GU after secretin did not correlate with cold induced BAT GU (r=-0.107, 
p=0.704), supporting that secretin induced BAT activation is non-adrenergic in 




Figure 13. A. Murine brown adipose tissue heat production, and total blood volume and blood 
oxygen saturation in the Sulzer vein before and after 5 nmol of secretin, measured 
through indirect calorimetry coupled with multispectral optoacoustic tomography in nude 
mice (n=6). (I) B. Human brown adipose tissue glucose uptake (GU) after placebo and 
secretin (2 x 1 IU/kg) infusion (n=15). (II) C. Representative parametric PET/CT images 
of brown adipose tissue glucose uptake after placebo and secretin (II). Modified from Y. 
Li et al. 2018 and Laurila et al. 2021. 
Lastly, the role of secretin and postprandial thermogenesis was studied in mice and 
men. Plasma secretin levels were confirmed to increase postprandially from fasting 
levels (Figure 14A+B.) and a concomitant increase in interscapular brown adipose 
tissue temperature was shown in mice (Figure 14C.). Pre- and postprandial secretin 
levels were measured in a group of subjects, who participated in a previously 
reported study on postprandial BAT activation (U-Din et al., 2018). After a mixed 
meal, BAT oxygen uptake (Figure 14D.) and fatty acid uptake (n=16) (r=0.621, 




Figure 14. A. Plasma secretin levels in fed, fasted and refed mice (n=6). (I) B. Serum secretin 
levels in fasting conditions and after a mixed meal in n=17 men. (I) C. The temperature 
of interscapular BAT in fed, fasted and refed mice (n=12). (I) D. Correlation between 
BAT oxygen uptake and serum secretin levels after a mixed meal in n=12 men. (I) 
Modified from Li et al. 2018. 
5.2 Secretin induces satiation (I, II) 
Secretin’s effect on food intake was first studied on WT mice by our collaborators. 
Compared to placebo, a 5 nmol intraperitoneal injection of secretin decreased food 
intake in prandial and early postprandial, but not in the late postprandial phase (2-3 
hours after the injection) (Figure 15A.). Remarkably, reduction of food intake was 
only seen in WT mice and not UCP1 KO mice, indicating that the satiation effect is 
mediated through BAT thermogenesis (Figure 15B.). Furthermore, intermeal bouts 
were shorter in UCP1 KO mice, compared to WT mice (Figure 16B.). When WT 
mice were treated with a secretin antibody to neutralize endogenous secretin, meal 
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duration and meal size was significantly increased compared to controls (Figure 
16A.).  
Secretin’s effect on appetite was thereafter studied in human participants. 
Intravenous secretin (1 IU/kg x 2) increased satiety compared to placebo, according 
to CSS AUC in the pre-prandial and prandial phase (Figure 15C.), but not 
postprandially (mean + SD secretin, vs. placebo, 311.3 + 136.1 vs. 266.2 + 126.4, 
p=0.130). Even if secretin did not reduce meal size statistically significantly (mean 
+ SD, secretin vs. placebo, 489.0 + 109.4 kcal vs. 522.0 + 167.5 kcal, p=0.273), it 
delayed resumption to refeed (Figure 16C.).  
The neurobiological basis of secretin’s satiation effect was investigated in fasted 
WT and UCP1 KO mice. In WT mice, secretin increased the anorexigenic 
proopiomelanocortin (POMC) mRNA levels in the hypothalamus (Figure 17B.). 
Concomitantly, the orexigenic agouti-related protein (AgRP) mRNA levels also 
decreased (Figure 17A.). Furthermore, the expression of a temperature sensitive ion 
channel, transient receptor potential vanilloid 1 (TRPV1) (also known as capsaicin 
receptor), was upregulated in the POMC neurons of WT mice but not UCP1 KO 
mice (Figure 17C.).  
Secretin’s central effects on appetite were thereafter investigated in human 
participants by fMRI. After placebo, palatable food in contrast to non-palatable food 
led to increased hemodynamic activity in the brain reward circuits (Figure 17D.). 
These results are in line with previous studies (Nummenmaa et al., 2018). 
Remarkably secretin essentially abolished this anticipatory reward-sensitive coding 
(Figure 17D.).  
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Figure 15. A. An intraperitoneal injection of secretin or placebo was given to fasted wild type 
(UCP1+/+) mice and cumulative food intake was measured (n=6). (I) B. Cumulative food 
intake by area under the curve (AUC) in UCP1+/+ and UCP1 knockout (UCP1-/-) mice 
after secretin and placebo (n=6). (I) C. Secretin and placebo was administered twice to 
fasted human participants and composite satiety score (CCS) was measured with visual 
analogue scale questions (n=14). Functional magnetic resonance imaging was 
conducted in the pre-prandial phase, after which subjects ate casserole until satiated 
(prandial phase). Satiety was increased in the pre-prandial and prandial phase, 




Figure 16. A. Wild type mice (UCP1+/+) were treated with a secretin antibody (n=6) and as controls, 
a GFP antibody (n=6). When endogenous secretin was neutralized, meal size and mean 
meal duration was increased significantly. (I) B. Mean intermeal bout length was 
increased in n=6 UCP1+/+ mice during dark phase, compared to n=6 UCP1 knockout 
mice (UCP1-/-). (I) C. In n=14 human participants, time until refeeding was increased 
after intravenous secretin compared to placebo. (II) Modified from Li et al. 2018 and 




Figure 17. Relative mRNA levels of A. the orexigenic, agouti related peptide (AgRP), B. 
anorexigenic proopiomelanocortin (Pomc) and C. heat sensing capsaicin receptors 
(Trpv-1) in the hypothalamus of wild type (UCP1+/+) and UCP1 knockout (UCP1-/-) mice 
after placebo and secretin. (I) D. fMRI results of human participants (n=14). After 
placebo, hemodynamic activity was increased in reward circuits while viewing palatable 
vs. non-palatable foods. Secretin diminished this activity. An interaction effect between 
food categories and drug intervention is present in the same brain areas, indicating 
secretin-dependent changes. Data was thresholded at p<0.05 and FDR corrected. MFC 
= medial frontal cortex, CC = cingulate cortex, PCC = posterior cingulate cortex, OCC = 
occipital cortex, Cau = caudate, Ins = insula, MTG = middle temporal gyrus. (II) Modified 
from Li et al. 2018 and Laurila et al. 2021. 
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5.3 Secretin increases myocardial metabolism, 
renal function and serum fatty acids (II-III) 
Myocardial glucose uptake (MGU) was significantly increased with secretin 
compared to placebo (Figure 18A+B.). Furthermore, MGU was associated with 
whole body carbohydrate oxidation during the secretin intervention (Figure 18C.). 
There was no significant difference in heart rate between the interventions at the start 
of the thoracic scan (57 + 8 beats per minute (bpm) vs. 57 + 8 bpm, p=0.92), but QTc 
was shortened after secretin compared to placebo (410.2 + 26.1 ms vs. 417.0 + 
21.7 ms, p=0.045). 
Skeletal muscle glucose uptake was slightly increased by secretin compared to 
placebo (mean + SD secretin vs. placebo, 1.16 + 0.48 μmol/100g/min vs. 0.77 + 
0.20 μmol/100g/min, p=0.003). Interestingly, this was not associated with MGU 
after secretin infusions (Figure 19C.), whereas BAT GU was (Figure 19A.). In 
contrast, muscle GU and MGU were associated in fasting conditions (Figure 19D.).  
Serum creatinine decreased briefly after the secretin infusion (Figure 20A.), 
concomitantly with the largest increases of serum secretin levels (Figure 20C.). 
Accordingly, eGFR  increased from baseline at thirty minutes after secretin infusion, 
compared to placebo (Figure 20B.). Urine secretion was not significantly changed 
when assessed for the entire duration of the two-hour scan (mean + SD secretin vs. 
placebo, 152.1 + 62.3 ml/h vs. 136.2 + 82.9 ml/h, p=0.467). However, [18F]FDG 
renal clearance was significantly increased by secretin compared to placebo (Figure 
20D.) despite increased BAT, myocardial and muscle glucose uptake. 
Fatty acid, insulin and glucose levels were also monitored during the scan. 
Circulating fatty acids were increased for the duration of the PET/CT scan (Table 
2.). A brief increase in plasma insulin levels was observed, together with a transient, 





Figure 18. A. Representative PET/CT images of myocardial [18F]FDG uptake after secretin and 
placebo. (III) B. Myocardial glucose uptake (MGU) is increased after secretin compared 
to placebo. (III) C. After secretin infusion, carbohydrate oxidation (CHO) is associated 




Figure 19. A. Myocardial and brown adipose tissue glucose uptake are strongly associated after 
secretin infusion, B. while this is not the case after placebo. (III) C. Myocardial and 
skeletal muscle glucose uptake are not associated after secretin, D. in contrast to after 





Figure 20. A. Serum creatinine is significantly lower after secretin compared to placebo, directly 
after infusions given at 0 min and 20 min. (III) B. Accordingly, eGFR is increased from 
baseline at thirty minutes after secretin. (III) C. Serum secretin levels peak after infusions 
given at 0 and 20 minutes. No statistical analysis is included in the image due to only 
n=4 measured during placebo condition. (II, III) D. [18F]FDG renal clearance is 
increased by secretin compared to placebo, calculated as area under the curve for the 




Table 2.  Plasma insulin and glucose, and serum total fatty acids, after secretin and placebo 
infusions, during the PET/CT scan. Median + interquartile range and p value (* p<0.05, 
** p<0.01) is shown. 
 Time Secretin Placebo p 





6.0 + 3.0 
10.0 + 9.5 
5.0 + 3.5 
5.0 + 2.0 
4.0 + 3.0 
7.0 + 3.5 
6.0 + 3.0 
5.0 + 3.0 
5.0 + 4.0 
4.2 + 4.0 
 
* 





5.4 + 0.3 
5.2 + 0.3 
5.3 + 0.4 
5.3 + 0.4 
5.3 + 0.4 
5.2 + 0.5 
5.4 + 0.4 
5.3 + 0.5 
5.3 + 0.3 










10.5 + 1.3 
10.8 + 1.8 
11.1 + 1.7 
10.9 + 1.6 
10.3 + 1.4 
10.6 + 1.4 
10.2 + 1.2 
10.2 + 1.3 
10.1 + 1.1 








Obesity is increasing worldwide, and is an independent risk factor for many non-
communicable diseases, such as heart disease and cancer (Bessesen and Van Gaal, 
2018). In 2017, the global death rate decreased, while the deathrate of non-
communicable diseases like cardiovascular disease and neoplasms increased (Roth 
et al., 2018). Although the globally increasing rate of obesity is not simply a medical 
question, understanding the physiological mechanisms that influence it is important 
with regards to prevention and treatment. This thesis presents a new physiological 
pathway that influences appetite, initiated by the oldest known hormone. Secretin is 
a pleiotropic hormone and modern era imaging methods have made it possible to 
study its broad effects in humans in vivo. 
6.1 Secretin activates BAT in mice and men 
This study demonstrates that secretin activates BAT in both mice and healthy, 
normal weight men, and that secretin has a role in inducing facultative, meal induced 
thermogenesis. Secretin receptors are abundantly expressed in murine BAT and also 
present in human BAT. This finding supports a direct action on BAT by the 
endogenously produced gastric hormone secretin, as well as the secretin analogue 
used in this study. In vitro, non-selective beta blockade attenuated β-AR agonist 
induced BAT activation, but not secretin induced activation, while in humans, in 
vivo cold induced BAT activation was not associated with secretin induced BAT 
activation. Since cold induced BAT activation is mediated by the SNS, these results 
suggest that the effect of secretin on BAT is not mediated by the SNS and supports 
a direct, hormonal mechanism.  
Direct evidence on secretin induced thermogenesis was acquired in mice by 
studying the temperature of iBAT and the level of oxygenation of venous blood, 
draining from iBAT. In humans, secretin increased BAT glucose uptake, indicating 
increased metabolic activity. The dynamic [18F]FDG scan was initiated twenty 
minutes after the first secretin infusion, simultaneously with the second secretin 
infusion. Therefore, we were likely able to observe maximal BAT activation during 
this forty-minute scan.  
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BAT perfusion is considered an indirect measure of BAT thermogenesis, since 
BAT perfusion has been shown to associate with BAT oxygen consumption (U-Din 
et al., 2016). The dynamic radiowater scan was initiated only two minutes after the 
first secretin infusion and it thus measures an acute BAT perfusion response to 
intravenous secretin. An increase in BAT perfusion was not observed with the 
implemented study protocol and it is likely that BAT thermogenesis is initiated at a 
later time point. In mice, maximal BAT thermogenesis was reached approximately 
ten minutes after a secretin injection. Since secretin activates BAT in an endogenous 
manner instead of a more rapid SNS response, optimal timing for measuring BAT 
perfusion in humans could be at a later timepoint.  
Whole body energy expenditure was increased by secretin compared to placebo 
in both mice and men. This in itself may indicate BAT thermogenesis, but it is likely 
that other tissues contribute to it as well. Secretin is a pleiotropic hormone and its 
receptors are present all throughout the body (Chu et al., 2006). Nevertheless, 
increased energy expenditure shows that secretin could have potential as a catabolic 
agent.  
After mechanistic evidence of BAT activation by secretin was found, secretin’s 
role as a BAT activator during feeding was also investigated. It was shown that 
feeding increases secretin levels from fasting levels in both mice and men. In mice, 
these increases were aligned with increases in BAT temperature. In humans, 
postprandial secretin levels were associated with both BAT fatty acid uptake and 
oxygen consumption. This shows an association between secretin and meal induced 
BAT thermogenesis in both rodents and humans.  
6.2 Secretin induces satiation in mice and men 
It has previously been suggested that facultative meal induced thermogenesis could 
have a role in regulating energy intake (Glick, 1982; Himms-Hagen, 1995), but this 
theory has not been fully pursued before. Since secretin is secreted during feeding 
and it activates BAT, its role on appetite was also investigated in this thesis work. 
The effect of secretin on appetite has previously only been studied in animals and 
this thesis work addressed the question in humans for the first time (Chen et al., 
2011).  
Feeding patterns were investigated in WT and UCP1 KO mice. An 
intraperitoneal injection of secretin reduced cumulative food intake in WT mice for 
2-3 hours, after which there was no difference between the two groups. This is likely 
due to the short half-life of the commercially available secretin analogues. In 
humans, the meal size after secretin vs. placebo was only numerically smaller, 
however the effect size was small for this endpoint (Cohen’s d=-0.306). 
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Interestingly, resumption to refeed was delayed by 39 minutes in humans after 
secretin compared to placebo. 
When meal patterning was investigated in WT and UCP1 KO mice, UCP1 KO 
mice showed shorter intervals between meals. This could indicate that facultative, 
meal induced BAT thermogenesis has a role in regulating feeding in mice. The 
effects of endogenously produced secretin on meal size and patterning were 
investigated by treating WT mice with a secretin antibody. When secretin’s action 
was blocked, meal size and duration increased compared to controls.  
The neurobiological basis of this satiation effect was studied in mice, using 
biopsy samples from the hypothalamus. Anorexigenic POMC expression increased 
after secretin injection, while orexigenic AgRP decreased, further supporting the 
evidence of appetite regulation, already shown with meal patterning. Interestingly, 
heat sensing capsaicin receptor expression in POMC neurons increased in WT but 
not UCP1 KO mice after secretin administration. Instead of the previously shown 
direct endogenous effects of secretin, or those relayed by the ANS to the central 
nervous system, heat seems to function as a message that leads to the termination of 
feeding.  
The central effects of secretin in humans on appetite was investigated with fMRI 
and food cue tasks. Remarkably, the reward sensitive coding seen in previous studies 
(Nummenmaa et al., 2012, 2018) and also here during the placebo scan, was 
essentially abolished by secretin. Due to technical limitations, it was not possible to 
study the direct link between BAT thermogenesis and hypothalamic regulation in 
humans. However, there already exists some indirect evidence of the links between 
BAT and appetite in humans, as mentioned previously. Mild cold-induced BAT 
activation is associated with lower serum ghrelin concentrations (Chondronikola et 
al., 2017) and a thermogenic meal is associated with a sensation of fullness (Crovetti 
et al., 1998). As to cold induced BAT activation and its association to appetite, one 
study on healthy males suggests that cold-induced BAT activation is not associated 
with energy intake or appetite (Sanchez-Delgado et al., 2019). This is in line with 
the results presented in this thesis work, since the hypothesis is that secretin-induced 
activation determines energy intake and appetite, rather than cold-induced 
activation. In our study, secretin not only increased energy expenditure and BAT 
glucose uptake, but also induced satiation in humans. Thus, this thesis work has 




6.3 Secretin increases myocardial glucose uptake 
and renal clearance 
In recent years, gastric hormones have been of great interest in the field of 
cardiology. Despite this, secretin has not been studied in humans with modern 
methods. Almost 40 years ago, Gunnes et al. showed that cardiac output increased 
significantly during a secretin infusion in patients with heart failure and ischemia 
(Gunnes and Rasmussen, 1986; Gunnes et al., 1983). The studies were conducted 
with pulmonary artery catheterization and thermodilution technique, while femoral 
artery pressure and ECG were also monitored. Systemic resistance fell due to 
arteriolar dilatation, which has an effect on cardiac output through a decrease in 
afterload. However, the increase in output was so considerable (20 percent), that 
an inotropic effect was suggested as well. It could not be proven with the 
implemented method, but was supported by later findings in animal studies (Bell 
and McDermott, 1994; Grossini et al., 2013). The increase in MGU with secretin 
compared to placebo shown in this thesis work supports an inotropic effect by 
secretin in humans. Fasting [18F]FDG uptake is associated with increased heart 
work (Duchenne et al., 2019; Masci et al., 2010). Furthermore, there was an 
association between MGU and carbohydrate oxidation after secretin infusion, 
which supports the theory that the glucose taken up by the heart is used as an 
energy substrate.  
Another interesting finding was that QTc was shortened after secretin 
compared to placebo, while there was no difference in heart rate. QTc interval has 
been shown to shorten postprandially (Taubel et al., 2012) and previous studies 
indicate that the change is not associated with increased insulin or glucose levels 
(Taubel et al., 2013). In contrast, high carbohydrate uptake and high insulin levels 
are associated with a postprandial increase in heart rate, indicating SNS activation 
(Scott et al., 2002). It has been suggested that postprandial QTc shortening is 
associated with the signaling pathways of calcium cycling (Täubel et al., 2019). 
This would be in line with a known postprandial increase in inotropy, also 
involving calcium cycling (Täubel et al., 2019). As mentioned before; sctr is also 
Gq-protein coupled, which mobilizes intracellular calcium. Taken together, the 
QTc shortening seen in this study could be due to increased inotropy. As a prandial 
hormone, secretin might even influence postprandial QTc shortening and inotropy. 
Further studies are needed to confirm this. 
Secretin activates lipolysis in white adipose tissue (Butcher and Carlson, 1970; 
Sekar and Chow, 2014) and this study found an increase in serum total FA after 
secretin compared to placebo. In regards to BAT, this is an interesting finding, since 
lipolysis is not only important in fueling thermogenesis, but also in its initiation 
(Blondin et al., 2017). As for the heart, it is notable that glucose uptake increased 
despite a concomitant increase in circulating FAs. Glucose uptake is regulated 
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mainly through the recruitment of GLUT4 transporters (Lopaschuk and Stanley, 
1997), whereas the rate of FA uptake is mostly determined by arterial FA 
concentration (An and Rodrigues, 2006). During glucose-insulin clamp conditions, 
myocardial glucose uptake decreases when FAs are infused (Nuutila et al., 1992). 
According to our results, secretin increases the availability of FAs as an energy 
substrate for the heart, yet glucose uptake is still increased. This supports an increase 
in heart work even further. 
As reviewed in this thesis, previous studies have shown somewhat conflicting 
results on the effect of secretin on fluid homeostasis. When it comes to pathological 
conditions of the heart and kidneys and their treatments, both are of interest since 
both conditions exacerbate the other. Effect size was poor for urine secretion 
measurements in this study (Cohen’s d=0.2), but the more accurate measurement 
of [18F]FDG clearance rate showed increased secretion after secretin compared to 
placebo. This was complimented by eGFR measurements. The results presented in 
this thesis suggest a small diuretic effect, but since the rough urine measurements 
showed no difference between secretin and placebo, the effect is likely too brief or 
small to affect cardiac output through a decrease in afterload (Wilson et al., 1981). 
A longer acting secretin analogue could show a more pronounced effect on 
diuresis.  
Interestingly, creatinine clearance rate has previously been shown to associate 
with BAT activation in humans (Gerngroß et al., 2017). Since eGFR also increases 
after muscular exercise, this could reflect an increase in creatin phosphate 
turnover (Refsum and Strömme, 1974). Kazak et al have shown that beige adipose 
tissue thermogenesis is enhanced by a creatin-driven substrate cycle, which also 
has a role in diet induced thermogenesis (Kazak et al., 2015, 2017). Taken 
together, the increase in eGFR shown in this thesis work could also reflect BAT 
activation. 
Glucose uptake was also increased in skeletal muscle by secretin compared to 
placebo. Interestingly, muscle glucose uptake was associated with MGU after 
placebo but not secretin, while the opposite occurred with BAT. This could indicate 
an interaction effect between BAT and the heart, induced by secretin. Secretin is a 
prandial hormone and cardiac output increases postprandially (Waaler et al., 1991). 
The exact purpose is not known, but it could be in order to facilitate nutrient 
distribution and digestion. It could also facilitate the effects that secretin induces in 
BAT. The interaction might also simply indicate that both effects are similarly 
regulated through secretin receptors. 
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6.4 Strengths and limitations 
The strength of this study is the implementation of a wide range of methods in both 
animal models and as proof of concept in healthy male human participants. Mice 
have a considerably larger BAT mass than humans and when BAT studies are 
conducted in mouse models, there is always a question of whether the same effect 
can be found in humans and to which extent. Even if human BAT depots are 
considerably smaller than those in mice, it is notable that supraclavicular and cervical 
BAT depots are located close to the carotid arteries. Due to the anatomical 
localization of human BAT, it has been proposed that thermogenesis protects the 
normal function of vital organs like the brain in cold exposure (Sacks and Symonds, 
2013). Similarly, prandial BAT thermogenesis could relay heat as a message to the 
central nervous system, despite the small volume of BAT in humans. Of course, the 
possibility of a direct action of secretin on human appetite in the central nervous 
system cannot be ruled out by the methods implemented in this thesis work. Future 
studies are needed to also address whether the results are applicable to other groups 
than healthy men. 
PET/CT is a noninvasive method, but with it, subjects are exposed to ionizing 
radiation. Administering a 150 MBq dose of [18F]FDG results in a radiation exposure 
of 2.85 mSv, while 500 MBq dose of [15O]H2O results in 0.55 mSv. This is due to 
the quicker decay of [15O] compared to [18F].  The radiation exposure of low dose 
CT for attenuation correction and anatomical localization is minimal, in this study 
0.06 mSv for the neck and 0.19 mSv for the chest. The annual background radiation 
dose in Finland is 3.2 mSv and a two-way transatlantic flight causes a cosmic 
radiation exposure of around 0.2 mSv. The maximum permitted radiation dose in 
healthy volunteers is around 10 mSv, corresponding to three years of background 
radiation.  
Since PET tracers are always distributed throughout the whole body, acquiring 
full body imaging in combination with low dose CT does not significantly increase 
radiation exposure, while it enables studies to address crosstalk between several 
organ systems in vivo. Currently, the FOV creates a limitation for this. Only a 
specific body area can be scanned at a time and the size of the FOV depends on the 
PET scanner. In this study, areas of interest were scanned in succession in order to 
obtain information on several organs, but this is only possible with tracers that have 
an adequately long decay time. [18F]FDG is a suitable tracer for this method, while 
only one area can be scanned with a single injection of [15O]H2O. In the future, whole 
body long axial FOV PET scanners will make it possible to quantitatively investigate 
all organ systems simultaneously. This will make PET an even more impactful tool 
for investigating organ crosstalk. 
PET tracers are always carefully selected based on the study question. Dose, 
number of tracers and decay time are considered in the planning phase of each study 
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and this causes some limitations. In this study, fatty acid uptake could not be 
investigated in combination with [18F]FDG, due to the tracer also being fluoride 
labeled and having a relatively long decay time. Instead, we conducted a [15O]H2O 
scan in order to investigate perfusion. Based on the results, it is likely that the timing 
of the perfusion scan was not timed for maximal BAT activation. Ideally, several 
[15O]H2O scans could have been conducted in succession, to find the time point for 
maximal perfusion, but this was not possible within the scope of this study. Also, 
timing the perfusion scan for maximal BAT activation would have in turn caused 
limitations to investigating the glucose uptake of other organs, due to the short half-
life of secretin hydrochloride.  
fMRI is also a noninvasive method, and it does not expose subjects to ionizing 
radiation. When patients with claustrophobia and those with magnetic implants are 
excluded, and metal objects are removed before approaching the scanner, MRI is 
very safe. fMRI is also more objective than traditional questionnaires. However, a 
common critique in the field is based on what conclusions can really be made based 
on BOLD signal alone. This issue can be mitigated by implementing previously 
established protocols. Another critique relates to data analysis. The field has 
implemented a wide range of modeling and false positives are of concern. This can 
be limited by increasing sample size and by implementing open code and analysis 
pipelines. In this study, a previously established food cue method was utilized 
(Nummenmaa et al., 2012, 2018) in a paired setting and analysis was conducted with 
fMRIPrep, a pipeline published in Nature Methods (Esteban et al., 2019). Both fMRI 
and visual analogue scale questions were implemented and provided results that 
support the hypothesis of secretin having an appetite reducing effect.  
As for secretin’s effect on caloric intake in humans, further and likely large 
studies are needed in order to address the question. Our results indicate that a single 
pre-prandial injection of secretin increases the time before resumption to eat by 39 
minutes. Thus, consecutive administration of secretin before each meal could reduce 
caloric intake. There was also a trend in reduced caloric intake with the first meal 
after injection, but the sample size was low for investigating this secondary endpoint. 
Based on our results, if a future study was planned for investigating caloric intake 
after a single injection of a short acting secretin analogue, sample size is n=78 with 
power 0.8, significance level 0.05 and effect size of d=-0.306. 
Perfusion imaging of the heart would have provided valuable information on 
cardiac metabolism. This study was planned for investigating BAT activation and 
the heart could not be fitted into the same FOV as supraclavicular BAT. As to 
myocardial glucose uptake, patient compliance was good in this study and subjects 
adhered to instructions on fasting. MGU is very sensitive to changes in circulating 
glucose levels, and these were not significantly changed by secretin compared to 
placebo during the [18F]FDG scan.  
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Urine secretion was only measured with a very rough method in this study. Since 
secretin hydrochloride has a short half-life, it is likely that the diuretic effect was 
brief and could not be detected when measured as the secreted urine volume from 
start to the end of the scan. Urimetry through catheterization would be a more 
accurate method. [18F]FDG clearance was measured however, which is a more 
accurate method for measuring renal filtration. The result was also complimented 
with eGFR measurements. As to renal effects by PET/CT, currently there is no 
validated way to model cortical glucose uptake with [18F]FDG. Modeling glucose 
uptake in the kidneys is challenging because of spillover from urine. [18F]FDG is 
filtrated into urine and unlike glucose, not re-uptaken by sodium-glucose transporter 
protein 2 (SGLT2), causing significant spillover (Oikonen, n.d.). Unfortunately, 
renal perfusion could not be measured in this study either, due to the previously 
mentioned limitations in FOV. In the future, broader organ crosstalk studies could 
be conducted with long axial PET, ideally with an oxygen tracer in order to 
investigate tissue oxygen consumption. 
6.5 Future aspects 
This thesis work addresses the effects of secretin on BAT and appetite in humans for 
the first time. Taken together, secretin appears to be a compelling pharmacological 
target for weight management, as it both increases catabolism and reduces 
motivation to eat. Increased energy expenditure leads to increased energy intake 
(Polidori et al., 2016), which is why targeting the feedback control of energy intake, 
instead of only aiming to increase energy expenditure, would be an effective way to 
treat obesity. A longer acting secretin analogue could provide more pronounced 
effects than those seen in this study, but it may also be possible that other feedback 
mechanisms then take effect. Repeated pre-prandial administration of secretin, 
instead of a very long-acting analogue, could be a possible way to avoid this. Future 
clinical trials are needed to confirm whether pre-prandially administered secretin has 
potential in decreasing food intake. 
The question of thermogenesis and its effect on appetite still remains unanswered 
in humans. If not BAT activation, heat itself could be further investigated as a 
suppressor of appetite. These questions relating to appetite and feeding are especially 
relevant in insulin resistant and obese subjects, which were not studied in this thesis 
work. Type 2 diabetes treatments could also have a synergistic effect with secretin. 
DPP-4 could increase secretin levels in addition to incretins, such as GLP-1 and GIP. 
The synergy between secretin’s effect on appetite and that of the by now well-
established appetite suppression of GLP-1 also warrants further studies.  
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The results of this thesis support that secretin increases heart work and 
glomerular filtration. The effect of secretin on the heart in pathological conditions 
like heart failure and type 2 diabetes should be further investigated. With heart 
failure medications, there could also be synergy with secretin. Sacubitril is a 
neprilysin inhibitor, which inhibits the breaking down of peptide hormones, most 
clinically significantly natriuretic peptide. However, studies have also shown 
improved glycemic control in diabetic heart failure patients, likely due to 
neprilysin’s inhibition on the breaking down of incretins (Seferovic et al., 2017). 




This thesis aimed to investigate the potential of secretin as an activator of facultative, 
meal induced BAT thermogenesis (Study I and II) and its influence on appetite 
(Study I and II). Since secretin is considered a pleiotropic hormone, the broad effects 
of secretin hydrochloride on metabolism and organ crosstalk were also investigated 
further (Study II and III). The main findings of the studies were the following: 
1. Secretin receptors were shown in human BAT by immunohistochemistry. 
Compared to placebo, secretin increased glucose uptake in human BAT and 
whole-body energy expenditure, measured by indirect calorimetry. 
Postprandial serum secretin levels were associated with BAT oxygen and 
fatty acid uptake. 
2. Appetite was reduced by secretin compared to placebo when measured with 
composite satiety score and an fMRI food cue task. Resumption to eat was 
increased after secretin compared to placebo.  
3. Secretin increased myocardial glucose uptake compared to placebo. This 
was associated with carbohydrate oxidation. QTc was shortened after 
secretin compared to placebo, while heart rate was not changed. Skeletal 
muscle glucose uptake, renal filtration and circulating fatty acids also 
increased after secretin compared to placebo. 
In summary, this thesis shows that secretin not only has potential as a catabolic agent 
through BAT activation, but also plays a role in the control of food intake. This novel 
link between thermogenesis and satiation opens up new avenues for obesity research. 
The results also support an inotropic effect on the heart, which has been suggested 
in previous studies. Secretin also increases renal filtration. These two effects warrant 
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